Mushroom-forming fungi (homobasidiomycetes) are major examples of morphological and ecological diversification in terrestrial habitats. Homobasidiomycetes includes only nine described species that are known from marine environments. Morphological traits that have concealed the ancestry of these fungi include reduced fruiting bodies with hairy surfaces and extremely modified spores, both of which may function as floating devices to aid successful dispersal and adhesion to various substrates such as driftwood. Our previous results suggested that all marine forms as yet investigated are placed in the Nia clade (euagarics) and that they have primarily evolved from cypelloid forms (minute, cup-shaped, terrestrial saprotrophs) via transitions through mangroves to fully marine habitats. We show here that Mycaureola dilseae, which parasitizes the red alga Dilsea carnosa, is a second independent lineage of marine fungi in the euagarics clade that is not related to cyphelloid forms. Phylogenetic reconstructions were based on two data sets: a partial four-region rDNA data set (nuc-ssu, nuc-lsu, mt-ssu, and mtlsu) with inclusive sampling of 249 taxa and a densely sampled ITS data set including 32 taxa, which formed a clade with Mycaureola in the four-region rDNA analyses. Inferences using constrained and unconstrained six-parameter weighted parsimony, Bayesian Markov chain Monte Carlo methods, and maximum likelihood approaches place M. dilseae in the morphologically diverse /physalacriaceae clade next to Gloiocephala spp., a group of highly reduced stipitate-pileate saprotrophs.
Homobasidiomycetes (phylum Basidiomycota), or the mushroom-forming fungi, have radiated extensively in terrestrial habitats and have occupied any ecological niche conceivable. The morphological diversity in this group is complex and frequently the result of evolutionary parallelisms and reversals (Hibbett et al., 1997; Hibbett and Binder, 2002; Hibbett, 2004) . Typical fruiting body plans of homobasidiomycetes include stipitate-pileate forms (mushroom-like, a stalk bearing the cap), resupinate (crust-like) forms, coral fungi, gasteroid fungi (false truffles with the spore-bearing layer enclosed), and other sessile forms. Only a few homobasidiomycetes have adapted secondarily to marine environments, in many cases undergoing morphological transformations and reductions that make it difficult to identify their closest terrestrial relatives. Six genera including nine species are known from marine habitats (Kohlmeyer and Kohlmeyer, 1979; Hyde et al., 2000) .
The subject of this study is the phylogenetic placement of Mycaureola dilseae (Maire and Chemin) emend. Porter and Farnham, a monotypic marine pathogen of the red alga Dilsea carnosa (Schmidel) Kuntze (Dumontiaceae). Mycaureola dilseae was originally published as a pyrenomycete (phylum Ascomycota) because it distinctly resembles bottle-shaped fruiting bodies that are characteristic for this group of ascomycetes (Maire and Chemin, 1922) . Porter and Farnham (1986) using TEM techniques showed that the hyphae of M.
dilseae have dolipore septa with perforate parenthesomes, which places the fungus in the basidiomycetes. Their report is the only one on a basidiomycete parasitizing a rhodophyte (or any other group of macroalgae) , and there are few clues, if any, about potential terrestrial relatives. Mycaureola is hostspecific and its distribution is therefore limited to the northern temperate area of D. carnosa ranging from Russia to Portugal. Mature fruiting bodies of M. dilseae are white, hemispherical with an apical opening (ostiolum) measuring 0.3-0.5 mm, and it produces unproportionally large sigmoid spores (105-118 lm), which are among the largest in the basidiomycetes ( Fig. 1 ; Porter and Farnham, 1986) . It has been assumed that the spores are passively discharged (statismosporic); however, the mechanisms behind spore discharge under water and spore transmission to healthy populations of D. carnosa are unknown. Infection seems to be directed primarily at algal blades (Chemin, 1921) and progresses in several stages (Fig. 2), which were described in detail by Porter and Farnham (1986) . Nia vibrissa R. T. Moore and Meyers, one of the known marine homobasidiomycetes that resembles M. dilseae fruiting bodies most, uses statismosporic spore dispersal, but N. vibrissa fruiting bodies remain unopened (gasteroid), and the spores have appendages and a tetraradiate shape (Moore and Meyers, 1959) .
Recent phylogenetic studies have shown that all four marine genera reported previously were in the euagarics clade Hibbett and Binder, 2001) , which is the most species-rich clade of homobasidiomycetes including approximately 9400 described species (Kirk et al., 2001) . Three marine forms, N. vibrissa, Halocyphina villosa Kohlm., and Calathella mangrovei E. B. G. Jones and Agerer, were strongly supported to form a monophyletic group nested within several terrestrial, cyphelloid fungi (bootstrap ¼ 100%), the so-called Nia clade . Cyphelloid basidiocarps are cupulate or tubular in shape and rarely exceed 2 mm in size. The outer surface is usually covered by hairlike hyphae, which may be branched or incrusted, while the hymenium (spore producing layer) covers the interior and is protected within the central concavity. These fungi have at least 10-12 independent origins in the euagarics clade and are presumably derived from stipitate-pileate agaricoid ancestors via morphological reduction (Bodensteiner et al., 2004) .
The fourth marine basidiomycete investigated is Physalacria maipoensis Inderbitzin and Desjardin, which was placed outside the Nia clade in the study of Hibbett and Binder (2001) as the sister group of the cyphelloid species Henningsomyces candidus (Pers.) O. Kuntze. The lack of support for this relationship was probably affected by the limited taxon sampling in their study using four rDNA genes (nuclear and mitochondrial small and large subunits) for 46 representative species of basidiomycetes. In addition, Physalacria Peck species differ from a cyphelloid habitus by producing minute, stipitate-capitate (inflated, headlike caps) basidiocarps. A more inclusive study by Moncalvo et al. (2002) , who used 877 nuclear large subunit sequences of euagarics placed Physalacria aff. oriconensis Pat. and Gaillard in a clade they called the /physalacriaceae clade, which is composed of a morphologically diverse group of widely distributed, white rotting fungi. If the placement of P. maipoensis is consistent with the results of Moncalvo et al. (2002) , then this would suggest that the /physalacriaceae clade contains a second independent lineage of marine homobasidiomycetes in the euagarics.
The objectives of this study were (1) to assemble a partial four rDNA region (nuc-ssu, nuc-lsu, mt-ssu, mt-lsu) data set and to increase taxon sampling with available nuc-lsu sequences of representative species in the euagarics clade guided by BLAST searches to find a placement for M. dilseae using maximum parsimony and Bayesian approaches, (2) to test the hypothesis of multiple origins of marine fungi in the euagarics clade using constrained analyses, (3) to generate ITS data for a subset of species based on the results of (1) that are potentially related to M. dilseae and to use maximum likelihood analyses to identify its closest terrestrial relatives, and (4) to design M. dilseae specific ITS primers and survey infected and uninfected algal tissues using PCR, which may provide evidence that M. dilseae is distributed within the algal population by spore dispersal.
MATERIALS AND METHODS
Taxon sampling and molecular data sets-Fifty-two sequences from 23 species that are potentially related to M. dilseae were newly generated and included nuclear and mitochondrial small and large subunit ribosomal DNA (nuc-ssu, nuc-lsu, mt-ssu, mt-lsu, respectively) and the internal transcribed spacer (ITS) region. The sequences have been deposited at GenBank (Appendix) .
Two data sets were assembled for this study, a partial four-region rDNA (nuc-ssu, nuc-lsu, mt-ssu, mt-lsu) data set, which was expanded by nuc-lsu sequences and an exhaustive ITS data set. One hundred and seventy-seven taxa were selected based on the studies of Binder (2001, 2002) and Bodensteiner et al. (2004) to represent the major lineages of cyphelloid and aquatic fungi, reduced forms, and their closest relatives in the euagarics clade. Seventy-two nuc-lsu sequences drawn from the study by Moncalvo et al. (2002) were selected to represent stipitate-pileate (agaricoid) forms in the data set. The partial four-region rDNA data set included 249 taxa, which were all represented by a nuc-lsu sequence. Additional data (62 nuc-ssu sequences, 55 mt-ssu sequences, and 41 mt-lsu sequences) were available for some taxa. The goal of this multigenic approach was to identify a focal clade including M. dilseae and to select a subset of taxa limited to the focal clade, which allows the use of ITS sequences to address questions about the closest relatives of M. dilseae on a fine-scale level.
DNA extraction, PCR, cloning, sequencing, and sequence alignmentHerbarium specimens and cultures provided adequate amounts of material and DNA was extracted by using a phenol-chloroform extraction protocol . Genomic DNA from minute samples of single fruiting bodies ,0.3 mm (e.g., some Gloiocephala spp., M. dilseae) was isolated using the E.Z.N.A. Forensic DNA kit (Omega Bio-Tek, Doraville, Georgia, USA), which is designed to extract DNA from marginal source material. Fruiting bodies of M. dilseae that are infrequently found on the inner edges of advanced lesions were isolated from revived algal tissue using sterile microscalpels. Approximately 50 samples of algal tissue from necrotic lesions lacking M. dilseae basidiocarps and from uninfected areas were taken and cut into 2 3 2 mm wide blocks, and stored in a À208C freezer. The frozen tissue was then ground using micropestles and digested in 0.1 lg/lL lyticase (Sigma, St. Louis, Missouri, USA) for 30 min at room temperature to solubilize intercellular hyphae of M. dilseae. The cell lysates and fruiting body isolates were processed using the E.Z.N.A. Forensic DNA kit without additional modifications. DNA was diluted up to 100-fold with deionized water for use as a PCR template. PCR reactions were performed for three nuclear and two mitochondrial rDNA regions using the primer combinations ITS1-F-ITS4 (ITS region including the 5.8S gene), LR0R-LR5 (nuc-lsu), PNS1-NS41 and NS19b-NS8 (nuc-ssu), ML5-ML6 (mt-lsu), and MS1-MS2 (mt-ssu). Sequences of the primers used in this study have been described elsewhere (Vilgalys and Hester, 1990; White et al., 1990; Hibbett, 1996; Moncalvo et al., 2000) . The amplifications were run in 35 cycles on a PTC-200 thermal cycler (MJ Research, Waltham, Massachusetts, USA) using the following parameters: denaturation 948C (1 min), annealing 508C (45 s), extension 728C (1.5 min). PCR products were purified with Pellet Paint (Novagen, EMB Biosciences, San Diego, California, USA). The M.-dilseae-specific ITS primers, which are nested within the ITS1-F-ITS4 product, were designed based on a preliminary ITS sequence obtained from a fruiting body to detect the phycoparasite in asymptomatic tissue samples. The sequences are (5 0 -3 0 ) CAT TAT TGA AAT TTA TTT TCA (MDITS1, forward) and AAC CAT TAT ATA AAA GTT ACT (MDITS2, reverse).
In addition, two ITS1-F-ITS4 products of M. dilseae were cloned using . Hymenium selectively stained with congo red. Micrographs a-d of herbarium material were taken with a Nikon SMZ800 dissecting microscope and a Spot RT slider digital camera (Diagnostic Instruments, Sterling Heights, Michigan, USA), and e-f of rehydrated herbarium material were taken with a Nikon Eclipse E600 microscope and a Spot RT slider camera. TOPO TA cloning (Invitrogen, Carlsbad, California, USA) to scrutinize for algal byproducts and to detect potentially present epiphytes, which are prevalent on D. carnosa blades and may include marine ascomycetes. Cleaned PCR products were inserted into the pCR 2.1-TOPO vector and transformed using the One Shot competent cell kit (Invitrogen). The cells were plated and incubated overnight on LB medium containing 50 lg/mL kanamycin, which was saturated with 50 lL X-gal (Matheny, 2004) . Five positive transformants each were directly analyzed with PCR using M13 forward (-20) and M13 reverse primers.
All PCR products were sequenced using BigDye terminator sequencing chemistry (Applied Biosystems, Foster City, California, USA), purified with Pellet Paint, and run on an Applied Biosystems 377XL automated DNA sequencer. Contiguous sequences were assembled and edited using Sequencher 4.1 (GeneCodes Corp., Ann Arbor, Michigan, USA). Automated alignments obtained by using ClustalX (Thompson et al., 1997) were manually adjusted in MacClade 4.0 (Maddison and Maddison, 2000) . The alignment of the ITS data set was constrained by secondary structure elements (paired regions or helices), which were inferred from selected species analyzing ITS1 and ITS2 spacer regions separately with mFOLD (Zuker et al., 1999) .
Phylogenetic analyses of the partial four-region rDNA data set-Tests for congruence using bootstrap criteria-To investigate potential conflicts among different rDNA genes, a preliminary series of parsimony bootstrap analyses was performed in PAUP* version 4.0b10 (Swofford, 2002) , estimating gene phylogenies separately from complete four-region data. Nuclear rDNA genes (nuc-rDNA) of 62 species were combined into a single partition; mt-ssu rDNA of 55 species and mt-lsu rDNA of 41 species were analyzed as individual partitions as well as in combined mode (mt-rDNA). Each bootstrap analysis was performed using 1000 replicates, all characters equally weighted, one random taxon addition sequence, tree-bisectionreconnection (TBR) branch swapping, with MAXTREES set to 10 000. Incongruence among data partitions was evaluated by setting a threshold of bootstrap values .90% to identify positively conflicting nodes (de Queiroz, 1993) . A final bootstrap analysis using 300 replicates with the settings just described was performed on the combined four-region data set, which was then extended by 187 nuc-lsu sequences to its final size of 249 taxa.
Six-parameter weighted parsimony-Differentially weighted parsimony was used to compensate for nucleotide substitution rate biases between nuc-and mtrDNA partitions. Constrained and unconstrained parsimony ratchet (PR; Nixon, 1999) analyses were performed under a six-parameter weighting regime (Williams and Fitch, 1990) , which obtains weights for parsimony analyses based on rates of nucleotide substitutions estimated with maximum likelihood (Cunningham, 1997; Stanger-Hall and Cunningham, 1998) . Nucleotide transformation rates were estimated in PAUP* under the general time reversible (GTR) model, with equal rates of evolution for all sites and empirical base frequencies, using a tree and data matrix from Binder and Hibbett (2002) that includes 93 species, each with nuc-ssu, nuc-lsu, mt-ssu, and mt-lsu rDNA. Rate matrices for nuc-rDNA and mt-rDNA were converted separately into step-matrices of transformation costs. For nuc-rDNA, the stepmatrix values were A-
Six-parameter weighted PR analyses were performed with PAUP* and PAUPRat (Sikes and Lewis, 2001 ), using 20 runs in batch mode including 200 iterations each, with 15% of the characters reweighted in each iteration. The analysis was rerun under a topological constraint (the marine basidiomycetes Halocyphina villosa, Mycaureola dilseae, and Nia vibrissa were forced to form a clade, leaving the remaining topology of the tree unresolved) to evaluate the hypothesis of independent origins of marine forms in the euagarics clade. Constrained and unconstrained trees were evaluated with the KH test (Kishino and Hasegawa, 1989 ) and the SH test (Shimodaira and Hasegawa, 1999) .
Bayesian analyses applying heterogenous models-The GTR model (Yang, 1994) using proportion of invariant sites and distribution of rates at variable sites modeled on a discrete gamma distribution with four rate classes was estimated with MODELTEST version 3.06 (Posada and Crandall, 2001 ) as best-fit likelihood model for both nuclear and mitochondrial partitions; however, model parameters varied considerably. Bayesian analyses on the combined data set were therefore implemented estimating optimal model parameterization for both partitions separately. The GTR model was specified as prior for both nuc-and mt-rDNA partitions, assuming equal probability for all trees and unconstrained branch length. The substitution rate matrix, transition-transversion rate ratio, character state frequencies, gamma shape parameter a, and proportion of invariant sites were unlinked across nuclear and mitochondrial partitions and calculated independently by MrBayes v3.0b4 (Ronquist and Huelsenbeck, 2003) . A user-defined tree (the tree with the highest likelihood, -lnL ¼ 48717.306, found in a test run on the concatenated data set employing 1 3 10 6 generations) served as a starting tree for all Bayesian analyses. Posterior probabilities for the Bayesian approach were determined twice by running one cold and three incrementally heated Metropolis-coupled Markov chain Monte Carlo (MCMC) analyses for 3 3 10 6 generations, saving trees every 100th generation. The final burn-in period of trees cumulated prior to reaching convergence was defined at the end of each run by plotting likelihood scores as a function of the number of generations in Microsoft (Redwood, Washington, USA) Excel 98. A Perl script that parses the MrBayes v3.0b4 log file extracting likelihood values of the cold chain in tabbed format was written to facilitate this procedure (available from R. H. Nilsson at http://andromeda.botany.gu.se/bayesparser.zip). Finally, a 50% majority-rule consensus tree was generated including the proportion of trees after the burn-in period to calculate posterior probability values.
Phylogenetic analyses of the ITS data set-The ITS data set was assembled including sequences of three M. dilseae collections and 29 additional sequences of species that were closely related to M. dilseae based on the results of the four-region rDNA analyses. The ITS data were analyzed in PAUP* using maximum likelihood under the GTR þ C þ I model (estimated with MODELTEST 3.06) with nucleotide frequencies estimated (A ¼ 0.25500, C ¼ 0.17900, G ¼ 0.20420, T ¼ 0.36180), a rate matrix of substitutions (A-C ¼ 1.72800, A-G ¼ 3.451400, A-T ¼ 1.560000, C-G ¼ 1.608900, C-T ¼ 4.526200, G-T ¼ 1.000000), proportion of invariable sites ¼ 0.2121, and a ¼ 1.0415. In addition, a likelihood bootstrap analysis was performed under the same settings using 100 replicates with MAXTREES set to 1000.
RESULTS
The partial four-region data set: sequences, matrices, and tests for conflict-PCR products of M. dilseae were obtained from nuc-ssu (1107 base pairs [bp) product with primer combination PNS1-NS41; no product was obtained with NS19b-NS8, nuc-lsu (954 bp), and mt-lsu (498 bp) regions, whereas the amplification of a mt-ssu product failed, likely due to an insertion at one of the primer hybridization sites (Bruns et al., 1998) . The closest hits in preliminary BLASTN searches (Altschul et al., 1997) using the nuc-lsu sequence of M. dilseae as query suggested relationships to several species in the /physalacriaceae clade as defined by Moncalvo et al. (2002) . Cylindrobasidium laeve (Pers.) Chamuris was retrieved as best match blasting nuc-ssu and mt-lsu sequences of M. dilseae, followed by a number of species in different families of euagarics, which is in consequence of a more limited availability of both genes for euagarics in GenBank. We observed a base composition asymmetry toward A-T substitutions in all nuclear encoded rDNA genes of M. dilseae. The A-T content is slightly increased in the nuc-ssu region (2.37% mean average increase), moderately increased in the nuc-lsu region (15.51%), and extremely elevated in the ITS region (40.36%, see Sequence characteristics and alignment of the ITS data set) compared to other species in the /physalacriaceae clade. Individual and combined bootstrap analyses (Table 1 ) supported the placement of M. dilseae in the /physalacriaceae clade with values from 98-100%. No positive conflict greater than 72% was observed between the data partitions, and the data were therefore combined and extended with nuc-lsu sequences as described. The final alignment of the four-region rDNA data set encompassed 3566 positions after 64 ambiguous positions were excluded, including 2159 constant characters and 945 parsimonyinformative characters.
Phylogenetic analyses of the partial four-region rDNA data set-Inferences under parsimony-Parsimony ratchet (PR) analyses on the partial four rDNA regions data set using sixparameter weighted parsimony resulted in 187 most parsimonious trees with a length of 13 927 steps (CI ¼ 0.260; RI ¼ 0.623). For comparison, the trees had a length of 8373 steps (CI ¼ 0.260; RI ¼ 0.612) under equally weighted parsimony. The shortest tree (Fig. 3 ) was found at high frequency in all 20 runs except for one, in which trees were found that were one step longer. The /physalacriaceae clade sensu Moncalvo et al. (2002) including M. dilseae and P. maipoensis was resolved as monophyletic in all trees and received 80% bootstrap support (BS). M. dilseae is nested within Rhizomarasmius pyrrhocephalus (Berk.) R. H. Petersen and Gloiocephala phormiorum E. Horak & Desjardin and is close to Xerula and Oudemansiella spp., however, this relationship is not supported by BS . 50%. The genus Physalacria is monophyletic (BS ¼ 81%) and sister to Cylindrobasidium (BS ¼ 100%), although a sister relationship is weakly supported (BS ¼ 61%). Species of Gloiocephala are polyphyletic and emerge in at least three different lineages. Armillaria spp. form a strongly supported, basal group in the /physalacriaceae clade (BS ¼ 94). The sister group to /physalacriaceae is a clade that was newly discovered in this study; however, this relationship is not strongly supported (BS , 50%). We named this group the Cyphella clade (BS ¼ 88%) because it includes Cyphella digitalis (Alb. & Schwein.) Fr., which is the type species of ''Cyphellaceae.'' The Cyphella clade also contains Campanophyllum proboscideum (Fr.) Cifuentes & R. H. Petersen and Cheimonophyllum candidissimum (Berk. & M. A. Curtis) Singer, two pleurotoid saprotrophs with reduced stipes.
The Nia clade (BS ¼ 96%) includes the three remaining marine homobasidiomycetes (N. vibrissa, H. villosa, C. mangrovei), the major concentration of terrestrial cyphelloid fungi, and some resupinate forms (Dendrothele Höhn. and Litsch.). The sister group to the Nia clade is the /omphalotaceae clade (Moncalvo et al., 2002) in this study, but as in previous studies, sister relationships of the Nia clade remain ambiguous and are not strongly supported. The six-parameter weighted PR analysis was rerun applying a topological constraint (N. vibrissa, H. villosa, and M. dilseae are monophyletic, leaving all remaining terminals unresolved). The shortest tree (14 129 steps, CI ¼ 0.256, RI ¼ 0.615) was found 225 times in 12 of the 20 runs. All shortest trees were significantly worse than the unconstrained trees when compared with the K-H test (P ¼ 0.001) and the S-H test (P ¼ 0.000). Thus, the hypothesis of a single origin of marine fungi in the euagarics clade was rejected.
Bayesian inferences using heterogenous models-Two independently run MCMC analyses proceeded uniformly and converged to stable likelihood scores after 1.8 3 10 6 generations. Twelve thousand trees of each run (scores ranging from -lnL 45 811.083 to -lnL 45 717.306) were used to estimate Bayesian posterior probabilities (BPP) after omitting 60% of the trees as the burn-in proportion. The length of the optimal tree was 14 256 steps (CI ¼ 0.254; RI ¼ 0.611) under the six-parameter weighing regime and 8762 steps (CI ¼ 0.257; RI ¼ 0.599) under equally weighted parsimony. Chains in both runs mixed frequently before approaching stationary values, suggesting that the use of a timesaving starting tree had little topologically restraining effects on the progression of the searches. Nevertheless, we observed only a single switch of the cold chain in the first run and no switching of the cold chain in the second run within their stationary phases.
Support values obtained as BPP (Fig. 3 ) were fairly congruent with the BS results but higher in most cases. The placement of M. dilseae is identical with the results of the PR analysis, although support for the clade including M. dilseae, R. pyrrhocephalus, Xerula spp. and Oudemansiella spp. is weak (BPP ¼ 0.80). The /physalacriaceae clade, the Cyphella clade, the Nia clade, and the /omphalotaceae clade all received 1.0 BPP. In addition, Bayesian analyses weakly supported (BPP ¼ 0.85) a sister relationship of the /physalacriaceae clade, the Cyphella clade, and the Henningsomyces-Rectipilus clade A (Bodensteiner et al., 2004) , the latter consists of cyphelloid forms with tubular fruiting bodies. The major topological difference comparing Bayesian trees and weighted maximum parsimony trees is the placement of the Schizophyllum clade, which is strongly supported as sister group to the Nia clade (BPP ¼ 1.0) in Bayesian analyses, but this relationship was not resolved under parsimony.
Sequence characteristics and alignment of the ITS data set-The ITS data set was limited to species in the /physalacriaceae clade. Nineteen ITS sequences were generated including new data for Armillaria mellea (Vahl) P. Kumm., Cyptotrama asprata (Berk.) Redhead & Ginns, M. dilseae, C. laeve, R. pyrrhocephalus, Strobilurus trullisatus (Murrill) Lennox and various selected species in the genera Gloiocephala and Physalacria (Appendix). Material of Rhodotus palmatus (Bull.) Maire, a stipitate-pileate form placed close to Cylindrobasidium and Physalacria in the four-region rDNA analyses was not available for this study. The length of ITS products ranged from 695 bp in Physalacria maipoensis to 913 bp in C. asprata. The sequence of the latter was too divergent to be aligned across all the remaining species, and C. asprata was consequently omitted from the ITS data set.
The ITS products of M. dilseae were obtained from fungal fruiting bodies using primers ITS1-F-ITS4 and from the initial stages and the later stages of using primers specific for M. dilseae, but not from seemingly uninfected material of Dilsea carnosa. The full length of ITS products was 718 bp (represented by isolate BM17/85), while M.-dilseae-specific primers, which are nested within the ITS1-F and ITS4 range, produced products from 669 bp (BM7/87) up to 684 bp (BM16/85). All 13 M. dilseae ITS sequences obtained were nearly identical with the exception of strain BM7/87 lesion The nucleotide variation in ITS sequences of M. dilseae showed increased rates of both G!A and C!T transitions leading toward elevated AT mutational bias in both spacer regions, including structurally constrained regions. Transitions were also present in five positions of the 5.8S gene. The observed G-C content of M. dilseae ITS sequences (25.9%) was considerably lower than in closely related species, for example, 40.08-43.11% in Gloiocephala spp., 44.17% in R. pyrrhocephalus, or 44.2% in S. trullisatus. This result is consistent with cloning experiments using two full-length M. dilseae ITS products that yielded only the already established copy, which was confirmed by sequencing. Preliminary studies on the secondary structure (data not shown) of ITS1 and ITS2 spacer regions of M. dilseae, R. pyrrhocephalus, and Gloiocephala spp. using mFOLD with the default temperature settings produced similar results for all fungi included, recognizing one multibranch loop with three helices in the ITS1 region and one multibranch loop with four helices in the ITS2 region. We included M. dilseae sequences in the analysis of the ITS data set in accordance with structural constraints and pruned several short insertions that were present in A. mellea and C. laeve sequences. The final ITS alignment including 32 terminals consisted of 839 characters after the exclusion of 195 ambiguous positions. Of the remaining characters, 373 were constant, 99 were variable, and 367 were informative.
Phylogenetic analyses of the ITS region-The optimal tree inferred under the maximum likelihood criterion using the GTR þ C þ I model had a likelihood of À6403.1848 (Fig. 4) . With weak support (BS ¼ 56%), M. dilseae was nested within a clade that contains Gloiocephala spp., R. pyrrhocephalus, and Xerula spp. pro parte with S. trullisatus as sister group (BS ¼ 100%). The monophyly of Gloiocephala was again ambiguous; however, a sister relationship between M. dilseae and G. phormiorum was not supported, and this branch collapsed in the strict consensus of the BS analysis. In addition, Xerula was not monophyletic in this analysis and formed a second clade with Oudemansiella spp. (BS ¼ 100%). Physalacria including the second marine species in the /physalacriaceae clade, P. maipoensis, formed a clade with C. laeve and Flammulina spp. (BS ¼ 91%). The core of the /physalacriaceae clade excluding Armillaria spp., which were used for rooting purpose, received strong support (BS ¼ 100%).
DISCUSSION
A second lineage of marine homobasidiomycetes-The higher-level, partial four-region analyses and independent analyses of individual rDNA regions suggest that Mycaureola dilseae represents an independent transition to marine habitat in homobasidiomycetes. Constrained analyses reject the hypothesis that N. vibrissa and M. dilseae have been derived from a single clade. Thus, the similarities between N. vibrissa and M. dilseae (minute hemispherical fruiting bodies, statismospory, elongate spores or spore appendages) are due to convergence, presumably related to selection for the marine environment. Both N. vibrissa and M. dilseae are closely related to reduced terrestrial forms, suggesting that the presence of reduced fruiting bodies may predispose homobasidiomycetes to transitions to marine habitats.
Phylogenetic position of M. dilseae in the euagarics clade-The closest terrestrial relative of M. dilseae within the /physalacriaceae clade was not identified with confidence. The /physalacriaceae clade contains a diverse mix of reduced forms (Gloiocephala, Physalacria) as mentioned previously, as well as typical, robust agaricoid forms, including the ''humungous fungus'' Armillaria and the cultivated enokitake mushroom Flammulina velutipes (Curtis) Singer. If fruiting body reduction is a precursor to transitions to an aquatic habitat, then we suspect that the closest relative of Mycaureola is to be found among the reduced members of the /physalacriaceae clade. This is consistent with the maximum likelihood analysis of ITS data, which places G. phormiorum as the sister group of Mycaureola, albeit without bootstrap support. Furthermore, Gloiocephala includes one freshwater species, G. aquatica, that grows on submerged culms in eutrophic lakes in Argentina (Desjardin et al., 1995) . Remarkably, there is another independent marine form in the /physalacriaceae clade, represented by P. maipoensis. Our analyses indicate that this species is not closely related to M. dilseae but to Cylindrobasidium and Flammulina. It has been debated, however, whether P. maipoensis is marine or ''halotolerant'' (Inderbitzin and Desjardin, 1999) because all the remaining species in the genus (approximately 32) are terrestrial and P. maipoensis occurs not only in intertidal zones of mangroves, but also in the adjacent forests which are not inundated. Nevertheless, the unique ecology of mangroves may have promoted multiple transitions from terrestrial to marine habitats ).
Spore dispersal in aquatic habitats-The infection mode of M. dilseae is still somewhat elusive but the fungus seems very efficient infecting Dilsea carnosa blades. Our results from screening multiple samples of algal tissue from three different collections using M. dilseae specific primers confirm Porter and Farnham's (1986) observation based on SEM microscopy that fungal mycelium is restricted within the boundary of lesions, while areas adjacent to lesions are exempt from hyphae. It is therefore unlikely that M. dilseae includes an endophytic step in its life cycle, living dormant within the algal tissue without producing any symptoms of an infection. The locally restricted growth pattern poses a rather challenging constraint on spore dispersal strategies in aquatic habitats. Most fungi in the /physalacriaceae clade are heterothallic (self- Fig. 3 . Phylogenetic relationships of Mycaureola dilseae inferred from the partial four-region data set (nuc-ssu, nuc-lsu, mt-ssu, mt-lsu) using sixparameter weighted parsimony. Shown is tree 1 of 187 (13927 steps; CI ¼ 0.260; RI ¼ 0.623). One hundred and one species of euagarics that are not closely related to M. dilseae are not shown in this figure (arrowhead). The two clades including marine fungi (the Nia clade and the /physalacriaceae clade) are projected forth by gray gradient bars, which do not contribute to branch length. Species names of marine fungi are in boldface type. Parsimony bootstrap values .55% and Bayesian posterior probabilities .0.75 are indicated along branches. The strain number is provided for published and unpublished data whenever available. sterile) and have two mating genes with multiple allelic forms (Petersen et al., 1999) . Producing sexual offspring requires the mating of two compatible monokarya (haploid mycelia growing from uninucleate spores) to establish a dikaryon (n þ n) that gives rise to fruiting bodies. Under this scenario, repeated infections via additional single basidiospores have to occur successfully in a very small area on the algal blade to guarantee the sexual reproduction of M. dilseae.
Conclusions-This study largely contributes to our understanding of the morphological evolution of mushroomforming fungi. Our analyses provide strong support for a single Fig. 4 . Phylogenetic placement of Mycaureola dilseae in the /physalacriaceae clade inferred from the ITS data set using maximum likelihood under the GTR þ C þ I model (-lnL ¼ 6403.1848). ML bootstrap values .50% are indicated along supported nodes. Nodes marked with asterisks collapse in the bootstrap strict consensus tree. Shaded branches and species names written in boldface type indicate aquatic forms in the /physalacriaceae clade. The GenBank accession number is provided for published sequences, and the strain number is provided for newly generated data. The morphological diversity of fruiting body forms in the /physalacriaceae clade is illustrated with selected species: a) Gloiocephala epiphylla, b) Strobilurus trullisatus, c) Mycaureola dilseae, d) Xerula furfuracea, e) Flammulina velutipes, f) Physalacria bambusae, g) Cylindrobasidium laeve, and h) Armillaria mellea.
hypothesis of phylogenetic relationships among marine homobasidiomycetes. All marine fungi with a sexual life cycle that have been sequenced so far are placed in the euagarics clade, and they form two distinct lineages: the Nia clade and the /physalacriaceae clade. Mycaureola dilseae represents an independent adaption to the marine habitat and is the only homobasidiomycete that parasitizes a red alga. Thus, transitions from terrestrial to marine habitats were equally achieved from cyphelloid and reduced stipitate-pileate precursors.
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